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BH3-Only Protein Bid Participates in the Bcl-2
Network in Healthy Liver Cells
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Bcl-2 homeology domain 3 (BH3)-only protein Bid is posttranslationally cleaved by
caspase-8 into its truncated form (tBid) and couples with stress signals to the mitochondrial
cell death pathway. However, the physiological relevance of Bid is not clearly understood.
Hepatocyte-specific knockout (KO) of Bcl-xL leads to naturally-occurring apoptosis despite
co-expression of Mcl-1, which shares a similar anti-apoptotic function. We generated Bel-xL
KO, Bcl-xL/Bid double KO, Bcl-xL/Bak double KO, Bcl-xL/Bax double KO, and Bcl-xL/
Bak/Bax triple KO mice and found that hepatocyte apoptosis caused by Bel-xL deficiency
was completely dependent on Bak and Bax, and surprisingly on Bid. This indicated that, in
the absence of Bid, Bcl-xL is not required for the integrity of differentiated hepatocytes,
suggesting a complicated interaction between core Bcl-2 family proteins and BH3-only
proteins even in a physiological setting. Indeed, a small but significant level of tBid was
present in wild-type liver under physiological conditions. tBid was capable of binding to
Bcl-xL and displacing Bak and Bax from Bcl-xL, leading to release of cytochrome c from wild-
type mitochondria. Bd-xL~ deficient mitochondria were more susceptible to tBid-induced cyto-
chrome c release. Finally, administration of ABT-737,a pharmacological inhibitor of Bcl-2/Bcl-
1L, caused Bak/Bax-dependent liver injury, but this was clearly ameliorated with a Bid KO
background. Conclusion: Bid, originally considered to be a sensor for apoptotic stimuli, is
constitutively active in healthy liver cells and is involved in the Bak/Bax-dependent mitochon-
drial cell death pathway. Healthy liver cells are addicted to a single Bcl-2-like molecule because
of BH3 stresses, and therefore special caution may be required for the use of the Bcl-2 inhibitor

for cancer therapy. (HEraTOLOGY 2009;50:1972-1980.)

Abbrevations: ALT, alanine anunosrasisferase: BH3, Bcl-2 homology domain 3;
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nick-end labeling.
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1972

cl-2 family proteins regulate the mitochondrial

pathway of apoptosis in mammalian cells.! They

are divided into two basic groups: core Bcl-2 fam-
ily proteins and Bcl-2 homology domain 3 (BH3)-only
proteins. Core Bcl-2 family proteins have three or four
Bcl-2 homology domains (BH1-BH4 domains), referred
to as multidomain members, and structural similarity.
These proteins display opposing bioactivities from inhi-
bition to promotion of apoptosis and can be further di-
vided into two groups: anti-apoptotic members,
including Bcl-2, Bcl-xL, Bel-w, Mcl-1, and Bfl-1, and
pro-apoptotic members, including Bax and Bak. Pro-ap-
optotic Bak and Bax are effector molecules of the Bdl-2
family and induce release of cytochrome c from mito-
chondria, presumably through their ability to form pores
at the mitochondtrial outer membrane. Anti-apoptotic
members, which serve as regulators, inhibit Bak and Bax.
The original rheostat model argues for a fine balance be-
tween Bax-like pro-apoptotic proteins and Bcl-2-like an-
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ti-apoptotic proteins in defining life and death, and this
balance would be equal or favor survival in a healthy cell.?

BH3-only proteins consist of at least eight members
and only share homology with each other and the core
Becl-2 family proteins through the short BH3 motif. They
are transcriptionally induced or posttranslationally acti-
vated in response to a variety of apoptotic stimuli.3 When
they are induced or activated, they interact with core
Bcl-2 family proteins and set the rheostat balance toward
apoptosis by directly activating Bax-like molecules or
neutralizing Bcl-2-like molecules.* Therefore, they serve
as initial sensors of apoptotic signals that emanate from
various cellular processes. Bid, a member of the BH3-only
proteins, is activated via caspase-8~mediated cleavage in
response to ligation of the death receptor, and its N-ter-
minal truncated form (tBid) translocates to mitochondria
and activates the mitochondrial death pathway.5 In so-
called type 1 cells, such as lymphoid cells, Fas activation
leads to caspase-8 activation followed by direct activation
of downstream caspases such as caspase-3 and caspase-7,
where Bid dose not have significant roles.6 In contrast, in
type 2 cells, Fas-mediated activation of caspase-8 is not
enough to activate downstream caspases. In: those cells,
tBid links the extrinsic or death-receptor pathway to the
intrinsic or mitochondrial pathway to execute apoptosis.
Hepatocytes are identified as a typical type 2 cell in which
Bid plays a critical role in receptor-mediated cell death
pathways.”

In our previous research, we found that genetic abla-
tion of Bel-xL in hepatocytes causes spontaneous apopto-
sis in mice.® This indicates that BelxL is a critical
apoptosis antagonist in adult healthy hepatocytes, al-
though they possess other anti-apoptotic members of the
Bcl-2 family such as Mcl-1. This might be simply ex-
plained by the fact that the absence of Bel-xL affects the
rheostat balance of core Bcl-2 family proteins by increas-
ing the ratio of Bax and Bak to anti-apoptotic Bcl-2 pro-
teins. Indeed, neuronal cell death during development
caused by Bel-xL deficiency is ameliorated by loss of Bax.?
Platelet cell death caused by Bcl-xL deficiency is also ame-
liorated by loss of Bak.1® These studies indicate that the
stoichiometry between Bcl-xL and Bax or Bak dictates
cellular fate. However, the possibility of BH3-only pro-
teins being involved in the apoptosis rheostat in healthy
cells has not been addressed. We generated Bcl-xL/Bid
double-knockout (KO) mice and demonstrated that ap-
optosis caused by Bel-xL deficiency is critically dependent
on Bid. A small amount of Bid appears to be activated in
the liver under physiological conditions and to be signif-
icant for inducing cytochrome c release from Bcl-xL—de-
ficient mitochondria. This study shed light on the active
participation of BH3-only proteins, which are generally
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considered to be sensors of apoptotic stimuli, in the Bcl-2
network regulating life and death of healthy differentiated
hepatocytes.

Materials and Methods

Mice. Mice carrying a bel-x gene with 2 JoxP sequenc-
ers at the promoter region and a second intron (bels%%)
were described previously.!! Heterozygous AlbCre trans-
genic mice expressing Cre recombinase gene under the pro-
moter of the albumin gene® and traditional Bid KO mice”
also have been described previously. We purchased from the
Jackson Laboratory (Bar Harbor, ME) traditional Bak KO
mice, traditional Bax KO mice, and conditional Bak/Bax
KO mice (bak™" bas/%) 12 We generated hepatocyte-
specific Bd-xL KO mice (bcls/™x AlbCre), Bel-xL/Bid
double-KO mice (bid~"~ bel-xfox AlbCre), Bcl-xL/Bak
double-KO mice (bak™"" bel-sox AlbCre), Bcl-xL/Bax
double-KO mice (bax—"~ bel-s™* AlbCre), and BclxL/
Bak/Bax triple-KO mice (bak™"~ baxftodlflox o[ xfloxlfiox
AlbCre) by mating the strains. They were maintained in a
specific pathogen-free facility and treated with humane
care under approval from the Animal Care and Use Com-
mittee of Osaka University Medical School.

Apoptosis Assay. The levels of serum alanine amino-
transferase (ALT) were measured by a standard method,
and serum caspase-3/7 activity was measured by a lumi-
nescent substrate assay for caspase-3 and caspase-7
(Caspase-Glo assay, Promega, Tokyo, Japan). The
caspase-3/7 activity was normalized by each control
group. For histological analysis, the liver sections were
stained with hematoxylin-eosin. To detect cells with oli-
gonucleosomal DNA breaks, the sections were also sub-
jected to terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick-end labeling (TUNEL)
staining, according to a previously reported procedure.!3

Western Blot Analysis. Liver tissue was lysed with a
lysis buffer (1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate, 1 X protein inhib-
itor cocktail (Nacalai tesque, Kyoto, Japan), phosphate-
buffered saline, pH 7.4). Equal amounts of protein were
electrophoretically separated by sodium dodecyl sulfate
polyacrylamide gels and transferred onto polyvinylidene
fluoride membrane. For immunodetection, the following
antibodies were used: anti-Bcl-xL antibody (Santa Cruz
Biotechnology, Santa Cruz, CA), anti-Mcl-1 antibody
(Rockland, Gilbertsville, PA), previously described anti-
Bid antibody generated from glutation-S-transferase-Bid
fusion  protein,!4 anti-full-length Bid antibody, anti-
cleaved caspase-7 antibody, anti-Bax antibody, anti-Cox

IV antibody (Cell Signaling Technology, Beverly, MA),
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anti-Bak antibody (Millipore, Billerica, MA), and anti—
B-actin antibody (Sigma-Aldrich, St. Louis, MO).

Isolation of Mitochondyia-Rich and Cytosolic Frac-
tion. After liver tissue was homogenized using isolation
buffer (225 mM mannitol, 75 mM sucrose, 0.1 mM ethyl-
ene glycol tetraacetic acid, 1 mg/mL fatty acid—free bovine
serumn albumin, 1 X protein inhibitor cocktail, 10 mM 4-(2-
hydroxyethyl)-1-piperazine ethanesulfonic acid—potassium
hydroxide, pH 7.4), the lysate was centrifuged at 600g for 10
minutes, and the supernatant was centrifuged at 15,000g for
10 minutes. The pellet was regarded as a mitochondria-rich
fraction and the supernatant as a cytosolic fraction.

Immunoprecipitation of Bel-xL. Approximately 30
mg liver tissue was lysed with a TNE buffer (1% Nonidet
P-40, 1 mM ethylenediaminetetra-acetic acid, 1 X pro-
tein inhibitor cockeail, 0.15 M NaCl, 10 mM Tris-HCI,
pH 7.8). Equal amounts of protein samples were rotated
with protein G sepharose (GE Healthcare, Tokyo, Japan)
and anti-Bd-xL antibody (Abcam, Cambridge, MA)
overnight at 4°C. After centrifugation, the pellet was col-
lected as the immunoprecipitate protein.

Incubation of tBid or Bid for Immunoprecipita-
tion. Liver tissue (90 mg) was lysed with 800 L lysis buffer
(2 mM ethylenediaminetetra-acetic acid, 10 mM ethylene
glycol tetra-acetic acid, 50 mM NaF, 5 mM Na,P,O;, 10
mM  B-glycerophosphate, 0.1% 2-mercaptoethanol, 1%
Triton X, 1 X protein inhibitor cocktail, 50 mM Tris-HCI,
pH 7.5). Equal volumes of protein samples were incubated
with or without recombinant mouse tBid or full-length Bid
(R&D Systems, Minneapolis, MN).

Analysis of Cytochrome C Release. The mitochon-
dria-rich fraction was diluted in a mitochondria dilution
buffer (395 mM sucrose, 0.1 mM ethylene glycol tetra-
acetic acid, 10 mM 4-(2-hydroxyethyl)-1-piperazine eth-
anesulfonic acid—potassium hydroxide, pH 7.4). The
diluted mitochondria were incubated with recombinant
mouse tBid or full-length Bid diluted with a reaction
buffer (125 mM KCl, 0.5 mM MgCl,, 3.0 mM succinic
acid, 3.0 mM glutamic acid, 10 mM 4-(2-hydroxyethyl)-
1-piperazine ethanesulfonic acid—potassium hydroxide,
1 X protein inhibitor cocktail, 2.5 mM ethylenediami-
netetra-acetic acid and BOC-Asp (OMe) CH,F 20 uM,
pH 7.4) for 30 minutes at 37°C. The levels of cytochrome
c in the buffer were determined using an enzyme-linked
immunosorbent assay kit (R&D' Systems). The maxi-
mum or spontaneous release of cytochrome ¢ was defined
as the level of samples incubated with 0.1% Triton X-100
ot medium alone, respectively. The percentage release of
cytochrome ¢ was calculated using the following formula:

% release = (experimental release — spontaneous re-
lease) X 100/(maximum release — spontaneous release).

ABT-737 Injection Study. ABT-737 was provided
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by Abbott Laboratories (Abbott, Park, IL). ABT-737 was
dissolved with a mixture of 30% propylene glycol, 5%
Tween 80, and 65% DS5W (5% dextrose in water), final
pH 4 to 5. Mice were given a single intraperitoneal injec-
tion of ABT-737 at 100 mg/kg and sacrificed 16 hours
later. Platelets were counted using an automated cell
counter (Sysmex, Kobe, Japan).

Statistical Analysis. Data are presented as mean =*
standard deviation. Multiple comparisons of TUNEL-
positive cells were performed by analysis of variance fol-
lowed by Fisher’s post hoc correction. The other multiple
comparisons were performed by analysis of variance fol-
lowed by Scheffe post hoc correction. P < 0.05 was con-
sidered statistically significant.

Results

Hepatocyte Apoptosis Caused by Bel-xL Deficiency
Is Completely Lost with Bid-Deficient Background.
To examine the possibility of whether Bid is involved in
apoptosis caused by Bel-xL deficiency, hepatocyte-spe-
cific Bel-xL KO mice were crossed with traditional Bid
KO mice. After mating bid*"- bel-s##o* AlbCre mice with
bid*" bel-sf*fex mice, western blot analysis confirmed
lack of Bcl-xL and Bid in the liver of Bcl-xL KO mice and
Bid KO mice, respectively, and intermediate expression
of Bid in the Bid+/- liver (Fig. 1A). Consistent with our
previous findings,® Bel-xL KO mice (brd*/* bel-afotfox
AlbCre) produced spontaneous hepatocyte apoptosis (Fig.
1B), which was associated with caspase-7 activation in the
liver (Fig. 1C). Serum ALT levels (Fig. 1D), caspase-3/7
activity (Fig. 1E), and the frequency of TUNEL-positive
hepatocytes (Fig. 1F) were significantly higher in Bel-xL
KO mice than in wild-type mice (brd*/* bels*#%). Bid
KO mice (bid "~ bel-s¥) did not produce any liver
phenotypes under physiological conditions, in agreement
with a previous report.” This was further confirmed by
our additional analysis on Bid KO mice and control lit-
termates, which showed no difference in serum ALT lev-
els (Supporting Fig. 1A), caspase-3/7 activity (Supporting
Fig. 1B), and the ratios of liver weight to body weight
(Supporting Fig. 1C). Of importance is the finding that
serum ALT levels were reduced to the normal levels in
Bcl-xL/Bid double-KO mice (b1d='~ becl-s" AlbCre).
Bel-xL KO with Bid heterozygosity (bid*/ bl o~
AlbCre) displayed intermediate ALT levels between
Bcl-xL. KO mice and double-KO mice. In agreement with
this observation, the number of TUNEL-positive hepato-
cytes in Bcl-xL/Bid double-KO mice reached background
levels. In addition, the levels of caspase-3/7 activity in
serum were also normalized in Bel-xL/Bid double-KO
mice. Taken together, these observations indicated that

- 174 -



HEPATOLOGY, Vol. 50, Ne. 6, 2009

Fig. 1. Bcl-xl/Bid double-KO

mice. Offspring from mating bid*/
bel-xox/fox AlbCre mice and bid*/-
belxforTox mice were sacrificed at

es)
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bel-xo¥/1ex with AlbCre. (A) Western
blot of whole liver lysate for the
expression of Bcl-xL and Bid. (B)
Representative - pictures . of liver
histology. stained with. hematoxy-
lin-eosin and TUNEL. Arrows indi-
cate: typical apoptotic cells.. (C}
Western blot of whole liver lysate
for. the " expression. of . cleaved
caspase-7, Live lysates from wild-
type mice 3-hours: after intraperi-
toneal injection of 30 ug anti-Fas
antibody. (clone Jo2). or vehicle .. D
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apoptosis caused by Bel-xL deficiency is completely de-
pendent on the BH3-only protein Bid. Bid is activated by
tumor necrosis factor (TNEF) receptor,!> and TNF-a,
which is a ligand of TNE receptor, is produced by Myd88
signal pathway.1¢ To examine the possibility of involve-
ment of Myd88 or TNF-« in this apoptosis, we generated
Myd88 Bcl-xL double-KO mice by crossing myd88~/~
mice with bel-xflo/flox AlbCre mice and administered neu-
tralizing anti-TNF-a antibody into BelxL KO mice.
Hepatocyte apoptosis caused by Bcl-xL deficiency was not
ameliorated with Myd88 KO background or by adminis-
tration of anti-TNF-a antibody (Supporting Fig. 2A, B).

Hepatocyte Apoptosis Caused by Bcl-xL Deficiency
Requires Both Bak and Bax. To depict the precise
relationships among core Bel-2 family proteins in regulat-
ing liver homeostasis, hepatocyte-specific Bcl-xL—defi-
cient mice were crossed with traditional Bak or Bax KO

Bid+/+ BelxL-/ Bid-/- Bel-xL-/-

F Number of TUNEL positive cells
35
30+

E Caspase-3/7 activily

*

mice. The levels of serum ALT were slightly decreased
with a Bak KO background (bak™"~ belsox AlbCre),
whereas they did not change with a Bax KO background
(bax"= bel-sFo AlbCre) (Fig. 2A, B). To examine the
contribution of both Bax and Bak, Bcl-xL, KO mice were
crossed with conditional Bak/Bax KO mice. The levels of
serum ALT were completely normalized in Bak/Bax KO
background (bak™'~ baslelox belsf= AlbCre) (Fig.
2C). Hepatocyte apoptosis determined by TUNEL stain-
ing of liver sections and caspase activation determined by
caspase-3/7 activity in serum also returned to background
levels (Fig. 2D, E). These observations clearly indicated
that apoptosis caused by Bcl-xL deficiency was generated
through the Bak/Bax-dependent mitochondrial cell death
pathway. To clarify the background levels of hepatocyte
apoptosis, we also analyzed the liver apoptosis in bak ™/~

and bak™"~ bas"fox AlbCre mice. Similarly, in bid~/~
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Fig. 2. Bel-xL KO mice with Bak or Bax
KO background. (A) Offspring from mating
bak*/- belxfo¥®ox AlbCre mice and bak*”
bel-xfo¥'fox mice were sacrificed at 6 weeks
after birth, Serum ALT levels and western
blot of whole liver lysate for the expression
of Bcl-xL and Bak are shown. N = 14 mice
per group, * and **P < 0.05 versus the
other three groups. (B) Offspring from mat-
ing bax*/ bclxf¥fox AlbCre mice and
bax*/~ bel-x"%Tx mice were sacrificed at 6
weeks after birth, Serum ALT levels and
westemn  blot of whole liver lysate for the

Number of TUNEL positive cells
20 ¢

Caspase-3/7 activity

i 5
*

s

15 4
3t

mice, there was no difference between two groups in serum
ALT levels (Supporting Fig. 3A), caspase-3/7 activity (Sup-
porting Fig. 3B), and the ratios of liver weight to body weight
(Supporting Fig. 3C), which suggests that healthy hepato-
cytes in wild-type mice are completely protected from Bid or
Bak/Bax-mediated apoptosis by Bcl-xL.

Bel-xL Interacts with Cytosolic Bax and Mitochon-
drial Bak in the Liver. To examine the expression of a
variety of Bcl-2-related molecules in the liver, cytosolic
and mitochondrial fractions from liver lysate were sub-
jected to western blot analysis (Fig. 3A). Anti-apoptotic
Bcl-2 proteins, Bel-xL and Mcl-1, were expressed at both
the mitochondria and the cytosol. In contrast, Bak and
Bax were exclusively expressed at the mitochondria and
the cytosol, respectively. Full-length Bid was expressed
mainly in the cytosol. To examine whether Bel-xL phys-
ically interacts with those Bcl-2-related proteins, liver ly-
sate was immunoprecipitated with Bcl-xL and identified
using corresponding antibodies (Fig. 3B). At least a part

expression of Bel-xL and Bax are shown.
N = 15 mice per group. * and **P < 0.05
versus the other two Bel-xL+/+ groups. (C,
D, and E)"Offspring from mating bak™~
bax™" belxTowex AlbCre mice and bak~~
baxfoy'+ polxfovfox mice were sacrificed at 6
weeks “after ‘birth. Bax+/-+ stands for -
baxfox/fox “without AlbCre, and Bax—/—
stands for baxfoxfox with AlbCre. N = 8 or
10 mice per group. Serum ALT levels' and
westem: blot of whole liver lysate for the
expression of Bel-xL, Bak;"and Bax are
shown' (C). *P. < 0.05 versus Bak—/—
Bax+/+ " Belxt+/+ and ~ Bak—/—
Bax—/ = Bel-xL—/ = groups; **P < 0.05
versus’ Bak—/—"Bax—/— Belxl—/—
group. Statistics of TUNEL-positive cells (D).
* and’ **P°< 0.05 versus - Bak=/—
Bax+/+ Belxl+/+ and ' Bak—/—
Bax—/— ‘Bekxk.—/—-groups. - Serum
caspase-3/ 7 activity (E). *7and **P <
0.05. - versus Bak=/~ " Bax+/-+ " Bel-
xL+/+ ‘and Bak—/— Bax=/-— Bcl-
xL—/~"gdroups.

of BclxL was bound to Bak and Bax, but not to Mcl-1 or
full-length Bid.

tBid, But Not Full-Length Bid, Displaces Bak and
Bax from Bel-xL by Binding to Bel-xL. Bcl-2-like mol-
ecules have been shown to be capable of binding Bak or Bax,
and through this interaction, to neutralize each activity.!”
Conversely, other research showed that Bel-xL does not have
to bind Bax-like molecules to protect against cell death.!s To
examine the impact of tBid on the association between
BclxL and Bak or Bax, we added tBid to the liver lysate and
examined the interaction of each Bcl-2-related protein with
BclxL by immunoprecipitation. Addition of 500 nM tBid
abolished the association between Bcl-xL and Bak or Bax
(Supporting Fig, 4). Simultaneously, Bcl-xL binding of tBid
was observed. Addition of 20 nM tBid also abolished, if not
completely, the association between BelxI: and Bak or Bax
(Fig. 4). In contrast, adding the same concentration of full-
length Bid had little effect on BclxL binding of Bak or Bax
(Fig: 4). These results indicated that tBid can bind to Bel-xL
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Fig. 3. Expression of Bcl-2-related molecules in the liver and their
association with Bel-xL. Bel-xL+/+ stands for bekx™¥ox without AlbCre,
and BelxL—/ — stands for belx"fox with AlbCre. (A} Western blot after
cellular fractionations of the liver Iysate. Loading amounts of cytosolic
and mitochondrial fractions were adjusted to be. equivalent for the
starting liver samples. (B) Western blot after anti-Bel-xl. immunoprecipi-
tation. Whole cellular lysate and immunoprecipitates with- anti-Bel-xk
were verified with the indicated antibodies. Samples from Bel-xL—/—
mice were included as a negative control.

and suggest that tBid binding of Bel-xL unleashes Bak or Bax
from Bel-xL.

A Small But Significant Level of tBid Is Detected in
the Healthy Liver. Genetic evidence that Bid is required
for Bak/Bax-dependent apoptosis caused by Bel-xL. defi-
ciency and biochemical evidence that full-length Bid is inac-
tive for displacing Bak or Bax from BclxL together suggest
that tBid is produced in wild-type liver. To confirm this, we
performed western blot analysis using antibody that can de-
tect tBid (Fig. 5A). Liver lysate from Bid KO mice served as
anegative control, whereas that from wild-type mice injected
with anti-Fas antibody served as a positive control. A signif-
icant level of tBid was detected in wild-type liver, although
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the amount was smaller than in Fas-stimulated mice, which
displayed massive live cell apoptosis.

Bcl-xL-Deficient Mitochondria Are Susceptible to
a Trace Amount of tBid. To examine the impact of a
small amount of tBid on Bel-xL~deficient mitochondria,
tBid or full-length Bid at various concentrations was in-
cubated with mitochondria isolated from Bcl-xL—defi-
cient liver or wild-type liver (Fig. 5B). In agreement with
previous reports,!® wild-type mitochondria efficiently re-
leased cytochrome c on exposure to tBid. Full-length Bid
was far less effective at releasing cytochrome c. Impor-
tantly, Bcl-xL—deficient mitochondria were capable of re-
leasing cytochrome c on exposure to a smaller amount of
tBid than wild-type mitochondria. This agrees with the in
vivo findings that Bcl-xL—deficient hepatocytes, but not
wild-type hepatocytes, underwent apoptosis with a trace
amount of tBid.

Administration of ABI-737 Produces ALT Eleva-
tion in Wild-Type Mice But to a Lesser Extent in Bid
KO Mice. Bcl-2-like molecules have been receiving at-
tention as a target for inducing apoptosis, especially in
cancer cells.20 A variety of BH3 mimetics that interact
with the hydrophobic groove of anti-apoptotic Bcl-2 pro-
teins has been developed. They inhibit binding of anti-
apoptotic Bel-2-like molecules with BH3-only proteins
and presumably with Bak and Bax. ABT-737, a prototype
of this class of agents, was designed to mimic the BH3-
only protein Bad and can inhibit the function of Bcl-2,
BelxL, or Bel-w but not that of Mcl-1.21 Our data on
Bel-xL KO mice raised the possibility that pharmacolog-
ical inhibition of Bcl-xL may cause hepatocyte apoptosis.
To examine this possibility, we injected ABT-737 and
examined the liver injury. As expected, the levels of ALT

Bel-xL IP
Bel-xL +/+ Bel-xL -/-
20nM Bid - * - - + -
20nM tBid
Bel-xL (28kD) b
* =
#

Bak (24kD)—>
Bax (19kD}——

tBid (14kD)~——>

* non specific

Fig. 4. tBid binds to Bel-xL and displaces Bak or Bax from Bel-xL. Liver
lysate from bol-xiovfex without AlbCre (Bel-xL+/ +) and belx™yTex with
AlbCre (Bel-xL—/ =) were incubated with or without 20 nM recombinant
Bid ‘or. recombinant: full-length’ Bid at: 37°C for 20 minutes. After
immunoprecipitation with BclxL; immunoprecipitates are verified with
indicated antibodies. Immunoprecipitated lysate from Bel-xt—/— mice
was loaded asa negative control:
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Fig. 5. A small amount of tBid is expressed in wild-type liver and is
sufficient for producing cytochrome ¢ release from Bel-xL-deficient mi-
tochondria. (A) Western blot of liver lysate for Bid and tBid expression.
Lysate from wild-type (Bid+/+ Bel-xL+/-+) mice 1 hour after intrave-
nous injection of 10 g anti-Fas antibody (clone Jo2) and from Bid—/ —
mice. were included as a’ positive and a negative  control - of  tBid,
respectively. (B} Mitochondrial release of cytochrome ¢ to tBid. Mito-
chondria were isolated from Bel-xl=deficient or wild-type liver and incu-
bated with recombinant: tBid: or: recombinant full-length Bid: at various
concentrations: for 30 minutes. Similar results were obtained in three
times repeated experiments.

were clearly elevated in wild-type mice (Fig. GA). TUNEL
staining of the liver section showed apoptosis in hepato-
cytes scattered in the liver lobule (Fig. 6B). Importantly,
no significant elevation of serum ALT levels was observed
with a Bak/Bax double-KO background. The data indi-
cated that genetic and pharmacological ablation of Bel-xL
led to a similar apoptosis phenotype in the liver.

To examine the impact of Bid in ABT-737-induced
hepatocyte apoptosis, ABT-737 was administered to
wild-type mice and Bid KO mice. Elevation of serum
ALT levels was ameliorated with a Bid KO background
(Fig. 6C). It has been well established that administration
of ABT-737 led to acute thrombocytopenia.?? This was
explained by the fact that Bel-xL is a critical apoptosis
antagonist in platelets.!® In our experiment, the counts of
circulating platelets declined significantly in the wild-type
mice (Fig. 6D), which is in the agreement with previous
studies.!® Interestingly, a similar degree of thrombocyto-
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penia was observed even in Bid KO mice, suggesting that
Bid does not play a significant role in regulating platelet
homeostasis, unlike in hepatocytes. The data imply that
the impact of Bid in the Bcl-2 network in healthy cells is
cell-type specific.

Discussion

One of the important findings of the current study is
that the BH3-only protein Bid is an essential molecule for
apoptosis of differentiated hepatocytes caused by Bel-xL
deficiency. This is surprising, because differentiated hepa-
tocytes are generally considered to be quiescent cells. Or-
gan homeostasis may be ensured in two ways: one is
through turnover of cells, and the other is by the quies-

A

B TUNEL staining

ALT ()
120 .
100
80
60
,\
40 g2l
20 2
£
by g g
% % %
Z Z >
% %%
x . X L
T SRl
Y 5 ol
pEY P, [+ Q'
=% )\;\ +9
B3 § Y
ALT (Uny Platelet {x 1051 )
200 b 16
14
150 12
10
100 8
&
50 i 1
, i
e e e 9
%% %%
X Y xx “x
8
B, % %
PR =
9B =

Fig. 6. ABT-737 administration. in wild-type, Bak/Bax double-KO, and
Bid KO'mice. (A and B) Wild-type mice or hepatocyte-specific Bak/Bax
double-KO mice were challenged: with: intraperitoneal. injection: of ABT-
737 at 100:mg/ kg or vehicle alone and sacrificed 16 hours later. Serum
ALT levels (A} and representative pictures of TUNEL staining in the liver
(B) are shown. N = 5 or more than 5 mice per group. *P < 0.05 versus
the ‘other two ‘groups. (C and D) Wild-type mice or Bid KO- mice were
challenged: with  intraperitoneal. injection of ABT-737 at 100 mg/kg or
vehicle alone and sacrificed 16 hours later. Serum ALT levels (C) and
circulating platelet counts (D) were determined. N'='5 or more than 5
mice per group, *P < 0.05 versus the other three groups for (C); * and
**P. <. 0.05 versus the other two. groups, with ABT-737 for (D).

- 178 -



HEPATOLOGY, Vol. 50, No. 6, 2009

cence of matured cells. Typical examples for the former
are hematopoietic organs, intestine and skin, whereas
those for the latter are a variety of solid organs, such as the
liver, lung, pancreas, heart, and brain. Because hemato-
poietic cells die at particular time points to maintain host
homeostasis, it would not be surprising that their life span
may be controlled by a variety of death signals. Indeed,
Bim KO mice have excess hematopoietic cells, particu-
larly lymphocytes, suggesting that Bim strictly controls
homeostasis of hematopoietic cells.”? In contrast, healthy
cells in the solid organs are usually considered to notsuffer
from apoptotic stimuli. Although interaction between
core Bcl-2 proteins and BH3-only proteins is important
for understanding apoptosis regulation, little work has
been done by generating mice simultaneously deficient in
molecules of both groups. To the best of our knowledge,
the only example clearly using this approach is a study on
Bim/Bcl-2 double-KO mice that showed that growth re-
tardation, skin abnormality, and lymphoid cell reduction
found in Bcl-2 KO mice were ameliorated with a Bim-
deficient background.?* This suggested that lymphoid
cells constitutively sense Bim-mediated killing signals,
and, without Bcl-2, decrease in number. The current
study is the first demonstration that parenchymal cells in
a solid organ such as differentiated hepatocytes also suffer
from Bid-mediated BH3 stress.

Bid is ubiquitously expressed in many cell types. Gen-
erally, Bid is inactive for death induction and is activated
on proteolytic cleavage by caspase-8 or other proteases. In
the current study, we found that not only full-length Bid
but also tBid could be detected in wild-type liver. Admin-
istration of tBid, but not that of full-length Bid, at 20 nM
in wild-type liver lysate or mitochondria was sufficient for
unleashing Bak or Bax from Bcl-xL and releasing cyto-
chrome c. Conversely, a lesser amount of tBid (for exam-
ple, at 2 nM) was sufficient for inducing cytochrome ¢
release from Bel-xL—deficient mitochondria. These re-
sults are consistent with the idea that a small amount of
tBid produced in the liver could activate cytochrome ¢
release and apoptosis in hepatocytes of the Bcl-xL—defi-
cient mice. What mechanisms are involved in the produc-
tion of tBid from full-length Bid in the healthy liver is not
known yet. Our results suggest that Myd88 and TNF-o
may not be involved in the activation of tBid under phys-
jological conditions. However, other ligation of death re-
ceptors such as Fas, and TNF-related apoptosis-inducing
ligand receptor, can cause caspase-8 activation followed
by Bid cleavage.!>?> Bile salts, which are consistently pro-
duced in and secreted from hepatocytes, are capable of
inducing hepatocyte apoptosis through Fas activation.?¢
Natural killer cells are predominant lymphocytes accu-
mulating in the liver and constitutively express TNF-re-
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lated apoptosis-inducing ligand.?” Further study is
needed to examine what kinds of stresses activate the Bid
pathway in a physiological setting.

Adult differentiated hepatocytes express at least two
anti-apoptotic Bcl-2 proteins, Bcl-«L and Mdl-1, but not
prototype Bcl-2.8 Recently, Vick et al.2® reported that
hepatocyte-specific Mcl-1 KO mice developed naturally
occurting apoptosis in hepatocytes. We also indepen-
dently generated hepatocyte-specific Mcl-1 KO mice and
obtained an apoptosis phenotype that could not be dis-
tinguished from that of hepatocyte-specific Bl-xL KO
mice.?® Thus, Mcl-1, like Bel-xL, plays a critical role in
maintaining integrity of differentiated hepatocytes. There
are two major models regarding how BH3-only proteins
mediate Bak/Bax-dependent apoptosis: a direct model
and an indirect model.3¢ From the viewpoint of the indi-
rect model, our data would mean a small amount of tBid
is sequestered by Bcl-xL and Mcl-1 and, without Bel-xL,
is sufficient for neutralizing Mcl-1 to promote apoptosis.
Conversely, from the viewpoint of the direct model, both
Bcl-xL and Mdl-1 are needed to completely sequester a
small amount of tBid, and without Bel-xL, unleashed ¢Bid
would directly activate Bak and Bax. In the current study, we
observed that tBid when administered in liver lysate could
bind to Bcl-xL. This observation seems to agree with the
indirect model, although we could not exclude the possibility
of the direct model. Further study will be needed by devel-
oping Bid/Bcl-xL/Mcl-1 KO mice to examine the underly-
ing mechanisms of how activated Bid regulates the
mitochondrial pathway of apoptosis in the liver.

Malignant tumors frequently overexpress one or more
members of the anti-apoptotic Bel-2 family, which con-
fers the resistance of tumor cells to apoptosis.?1-32 Re-
cently, small molecules targeting specific anti-apoptotic
Bcl-2 family proteins have been developed for treatment
of cancer therapy.3334 The underlying concept of this
strategy is the difference in addiction to anti-apoptotic
Bcl-2 family proteins between normal cells and trans-
formed cells. In general, normal cells are not considered to
suffer from apoptotic stimuli or to have activated BH3-
only proteins. In contrast, transformed cells suffer from a
variety of apoptotic stimuli such as genotoxic p53 activa-
tion and environmental stresses, and possess activated
BH3-only molecules. If a single anti-apoptotic Bel-2 pro-
tein is neutralized by a small molecule, it could release
BH3-only molecules, which then neutralize other anti-
apoptotic Bcl-2 proteins or directly activate Bax-like mol-
ecules, leading to cell death. However, the current study
clearly indicated that normal hepatocytes could be under
activation of Bid, raising concern that hepatocyte injury
may be produced if BclxL function is completely
knocked down. Indeed, we have shown that administra-
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tion of a high dose of ABT-737, which is an antagonist for
Bel-xL/Bcl-2, not for Mcl-1,?! induced Bak/Bax-depen-
dent hepatocyte apoptosis in wild-type mice but to a lesser
extent in Bid KO mice. Therefore, special caution should
be paid to hepatotoxicity when systemically administer-
ing a high dose of Bcl-xL-targeting molecules, because
hepatocytes are suffering from Bid-mediated stresses.

In conclusion, we have demonstrated here that the
BH3-only protein Bid is activated and antagonized by
anti-apoptotic Bcl-2 family proteins under physiological
conditions. BH3 stress or Bcl-2 addiction is not a unique
characteristic of tumor cells. Even in healthy cells, cellular
integrity is not controlled by a simple rheostat between
Bax-like molecules and Bcl-2-like molecules. The current
study reveals a previously unrecognized complicated net-
work of Bd-2 family proteins controlling the integrity of
healthy cells. Dissection of the Bcl-2 network will be impor-
tant for further understanding of liver pathophysiology.

Acknowledgment:  The authors thank Abbott Labora-
tories for providing ABT-737.
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Abstract Although the anti-tumor effect of IL-12 is
mediated mostly by IFNy, which cell types most efficiently
produce IFNy and therefore initiate or promote the anti-
tumor effect of IL-12 has not been clearly determined. In
the present study, we demonstrated hydrodynamic: injection
of 'the TL-12 gene' led to prolonged  IFNy 'production,
NK-cell activation "and ~ complete - inhibition of - liver
metastasis of CT-26 colon cancer cells in wild-type miice,
but not in TFNy knockout mice. NK cells expressed higher
levels of STAT4 and upon IL-12 administration displayed
stronger STAT4 phosphorylation and IFNy production than
non-NK cells. Adoptive transfer of wild-type NK cells into
IFNy knockout mice restored IL-12-induced IFNy : pro-
duction, NK-cell activation and anti-tunior effect, whereas
transfer of the same number of wild-type non-NK cells did
not. In conclusion, NK cells are predominant producers of
IFNy that is critical for IL-12 anti-tumor therapy.
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Introduction

IL-12 is a:70-kDa heterodimer protein, composed of p35
and p40 subunits, mainly produced by antigen-presenting
cells. TL-12 was origmnally found as a “natural killer-
stimulating factor” and a “cytotoxic lymphocyte matura-
tion factor” [1, 2]. IL-12 has multi-potent effects, inducing
a:Th1 response; enhancing the CD8.T-cell response; acti-
vating natural killer cells and inducing production: of IFNy
[3, 4}: Therapeutic use of IL-12, either using its recombi-
nant protein ‘or gene,  can induce: an:efficient anti-tumor
effect on primary or metastatic timors:in: various' murine
models and humans [5, 6].

Research has shown -that IL-12  mediates - anti-tumor
effects in a variety of ways. They include anti-proliferative
effects, anti-angiogenic effects [7, 8] and cytotoxic effects
of effector lymphocytes.. A variety of effector cells has
been reported to be required for IL-12-mediated anti-tumor
effects: they include CD8 T cells [9], NKT cells [10}], CD4
Tocells [11] and NK cells. [12]. The relative contribution
of these cells may: differ among IL-12 doses and types: of
tumor - models = [13].: Endogenous - IFNy. production: is
required for most; if not all, of the anti-tumor effects: of
IL-12 administration [14, 15]: IL-12 stimulates: a variety of
immune cells, such: as T cells [16], B cells [17] and NK
cells [18], to produce IFN7y. However, which cell types-are
most critical for producing IFNy during IL-12 therapy is
not clearly known.

In the present study, we used a murine model of:liver
metastasis of CT-26 colon cancer cells and found that NK
cells highly expressed the IL-12 signaling molecule
STAT4 and most efficiently produced IENy. IENy was
essential for the anti-tumor effect of IL.-12, and NK-cell
production of TFNy sufficed to produce the full-blown anti-
tumor effects. These results: demonstrated that: NK: cells
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serve not only as an effector but also as an important
mediator producing IFNy that is critical for the anti-tumor
effects of IL-12.

Materials and methods
Mice

Specific pathogen-free female Balb/c mice were purchased
from Clea Japan, Inc (Tokyo, Japan). Rag2 knockout (Rag?2
KO) mice with a Balb/c background were purchased from
Taconic (Germantown, NY). IFNy knockout (GKO) mice
with a Balb/c background were kindly provided by
Dr. Yoichiro Iwakura (Institute of Medical Science,
University of Tokyo). All muce used were at the age of 6 to
10 weeks. They were housed under conditions of con-
trolled temperature and light with free access to food and
water at the Institute of Experimental Animal Science,
Osaka University Graduate School of Medicine. All
animals. received humane. care, and the. study. protocol
complied with the institution’s guidelines.

Tumor models

Intra-splenic injection of tumor cells was used to establish
micro-disseminated liver tumors in mice [19]. CT-26 colon
cancer cells originating from Balb/c mice were maintained
in RPMI1620: supplemented with 10% FCS. Syngeneic
mice were anesthetized with pentobarbital and given a cut
on the left side flank. CT-26 cells (1 x 10%) were sus-
pended in 200 pl of PBS and injected into the spleen.

Injection of naked plasmid DNA

A plasmid coding the murine IL-12 gene, pPCMV-IL-12,
was generously provided by Dr. M Watanabe (Labora-
tory of Experimental Immunology, Division of Basic
Sciences; - National Cancer  Institute-Frederick Cancer
Research and Development Center) [20]. Plasmid DNA
was prepared using an EndoFree plasmid system (Qia-
gen, Hilden, Germany,) according to the manufacturer’s
instructions; Hydrodynamic injection: of plasmid DNA
was performed as previously described [21]. In brief,
25 pg of plasmid DNA was diluted with 2.0 ml of lac-
tated Ringer’s solution and injected into the tail vein,
using a syringe with a 26-gauge needle. DNA injection
was completed within 5 to 8's.

ELISA

Blood ‘samples - were serially obtained from. the: venous
plexus in the retro-orbita under light anesthesia. The levels
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of serum IL-12 p70, IFNy (BD Biosciences-Pharmingen,
San Diego, CA), IFNy-inducible protein: 10 (IP-10) and
monokine induced by IFNy (MIG) (R&D Systems, Inc,
Minneapolis, MN) were measured using commercially
available ELISA kits in accordance with the manufac-
turer’s instructions.

Mononuclear cells

Mononuclear cells were isolated from the liver or spleen as
previously described. The NK activity of mononuclear
cells was assessed by a standard 4-h 31Cr-releasing assay
using Yacl cells as targets. In some experiments, mono-
nuclear cells were separated into DX5" cells (NK cells)
and DX5™ cells (non-NK cells) using the MACS system
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany).
The purity of the isolated NK-cell population was found to
be greater than 90% by FACS analysis.

Flow cytometric analysis

Liver mononuclear cells were isolated 2 days after pCMV-
IL-12: injection. Cytokine: secretion was. then blocked by
the addition of brefeldin A for 4 h. Next, liver mononuclear
cells were stained with FITC-conjugated anti-TCRf anti-
body: and biotin-conjugated anti-CD49b antibody. (DX5),
fixed and permeabilized with Cytofix/Cytoperm: (BD Bio-
sciences), and stained with PE-conjugated anti-INFy anti-
body  or corresponding isotype: controls.. Analysis was
performed using a-FACSCalibur (Becton Dickinson), with
the resulting data ‘analyzed using the CELLQuest program
(Becton - Dickinson).-NK. cells: were identified as DX5%/
TCRB ™ lymphocytes, NKT cells as DX5T/TCRB" lym-
phocytes and T cells as DX57/TCRA lymphocytes.

Adoptive transfer

For adoptive transfer experiments, GKO mice were injec-
ted intravenously 1 day before plasmid DNA injection with
2.0 x 108 whole mononuclear cells or 4.0 x 10° NK cells,
or non-NK cells or whole mononuclear cells, all of which
had been harvested from wild-type mice that can prodiice
IEN7y.

Western blotting

Motse: recombinant IL-12: was. purchased from R&D
Systems; Inc' (Minneapolis, -MN). -Mononuclear cells
were treated with or without IL-12. Whole cell lysate
was prepared from mononuclear cells from mice, and
20 pg of protein was separated by SDS-PAGE. and
transferred to the PVDF membrane. The membrane was
stained with anti-STAT4. antibody. (BD. biosciences),
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anti-phospho-specific STAT4 (pY693) antibody (BD
biosciences), anti-STAT1 antibody (Cell Signaling), anti-
phospho-specific STAT1 antibody (Cell Signaling) and
visualized by chemiluminescence.

NK-cell depletion

For depletion of NK cells in vivo, anti-asialoGM1 antibody
(WAKO, Osaka, Japan) was intrapetitoneally administered.
We determined the appropriate dosing to be 500 pg/mouse
(50 ul when dissolved according to the manufacturer’s
instructions) based on FACS analysis of hepatic mononu-
clear cells. The percentage of DX5*/TCRA™ cells (NK
cells) is 12.6 & 2.4% in IgG-injected liver, whereas it
decreased to 0.76 & 0.04% one day after anti-asialo GM1
antibodyinjection (N'= 3/group). This effect remained at
least 3 days after anti-asialo GM1 antibody injection. NKT
cells were less affected than NK cells, because 90% of
DX5H/TCRA" cells (NKT cells) still remained in the liver
after the freatment. Anti-asialoGM1 antibody was injected
1 day after tumor inoculation and then every 5 days. For
the control, thé same amount of normal rabbit immuno-
globulin (DAKO; Copenhagen, Denmark) was intraperi-
toneally administered.

Histology

The formalin-fixed livers were paraffin-embedded, and
liver sections were analyzed by hematoxylin-eosin stain-
ing. Acetone-fixed fresh frozen liver sections were immu-
nostained with anti-mouse CD4 (H123.19), anti-mouse
CD8a (53-6.7) or anti-CD31 (390) monoclonal antibody
(all from BD Biosciences), using a VECSTAIN ABC kit
(Vector Laboratories, Burlingame, California, USA).

Statistics

Data are represented as mean - SD. Comparisons between

‘groups were analyzed by unpaired f-test with Welch’s

correction. . p < 0.05 ~was ~ considered - statistically
significant.

Results

Hydrodynamic injection of IL-12-expressing plasmid
led to prolonged production of IFNy

Hydrodynamics-based gene delivery into mice establishes
efficient foreign gene expression predominantly in the
liver, especially in hepatocytes.  Serial measurement of
serum IL-12 demonstrated that pCMV-IL-12 injection led
to substantial IL-12 production on day 1. The levels of

serum IL-12 then rapidly declined (Fig. 1a). We also
measured IFNy production in serum, since IL-12 is known
to activate IFNy production. pCMV-IL-12 and, to a lesser
extent, pPCMV injection increased serum IFNy on day 1. In
contrast to the pCMV injection group, high levels of serum
IFNy were maintained at later time points in the pCMV-IL-
12 injection group (Fig. 1a). Thus, hydrodynamic mjection
of pCMV-IL-12 led to prolonged production of IFNy.
Transient IFNy production followed by control plasmid
may be an indirect effect of liver injury caused by bolus
injection of saline or DNA injection.

IL-12 therapy induced NK activation
and anti-metastatic éffects, both of which
are critically dependent on IFNy

To examine the biological effects of the produced IL-12,
we evaluated the NK activity of mononuclear cells from
the liver. pCMV-IL-12 injection, but not control pCMV
injection; increased Yacl lytic activity of hepatic mono-
nuclear cells (Fig. 1b). When GKO mice were injected
with pCMV-IL-12 or pCMYV, the hepatic mononuclear
cells did not display any lytic ability to Yacl cells, sug-
gesting that IL-12-mediated NK-cell activation required
IFNy.

To examine the anti-metastatic effect of IL.-12, pCMV-
IL-12 or pCMV was injected mto wild-type mice 2 days
after intrasplenic injection of CT-26 cells. At 14 days after
tamor injection, the mice were killed for evaluation of liver
tumor  (Fig. 1c). -While pCMV-injected mice displayed
huge liver  tumors, pCMV-IL-12-injected mice did not
show: any ‘macroscopic ot microscopic tumor- (Fig. 1d).
Liver weight was significantly higher in pCMV-injected
mice ' than  pCMV-IL-12-injected . mice, reflecting ' liver
tumor formation. To examune the involvement of IFNy in
the IL.-12-induced anti-tumor effect, we injected pCMV or
pCMV-IL-12 into GKO mice 2. days after CT-26 injection.
At 14 days after CT-26 injection, both groups showed
similar degrees- of tumor formation and there was no sig-
nificant difference in liver weight between the two. This
indicated that IL-12-induced anti-metastatic. effect was
strictly dependent on IFNy.

NK cells were the most potent producer of IFNy during
1L.-12 therapy

To evaluate which cell types most efficiently produced
IFNy, we isolated hepatic 'mononuclear cells' from mice
2 days after plasmid injection and then stained cell surface
TCRf and DXS5 as well as intracellular TFNy (Fig. 2).
TCRA/DX5% NK cells, TCRBT/DX5T NKT cells and
TCRBT/DX5™ T cells from pCMV-IL-12-injected mice
showed significant levels of IFN7y production compared
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Fig. 1 Effects of hydrodynamic injection of [L-12-encoding plasmid. » A 300

a Wild-type mice were hydrodynamically injected with either pCMV-
IL-12 (hatched bars) or pCMV (closed bars) and bled at the indicated
time points to measure the levels of serum IL-12 and IFNy. Results
are indicated as mean and SD (# = 6/group). b NK-cell activation
after IL-12 administration. Hepatic mononuclear cells were isolated
from wild-type mice (leff) or GKO mice (righf) which had been
injected with pCMV-IL-12 (closed squares) or pCMV (closed
diamonds) 4 days earlier. Yacl lytic ability was measured by a
standard >'Cr-release assay at the indicated effector and target ratios
(B/T ratio). All experiments were performed at least 3 times and
representative data are shown. ¢ and d Anti-metastatic effects of
IL-12 therapy. Wild-type mice (left) or GKO mice (right) were
intrasplenically injected with CT-26 cells and, 2 days later, hydro-
dynamically injected with either pCMV-IL-12 or pCMV. At 14 days
after the plasmid injection, the mice were killed to examine liver
tumor development. ¢ Data are indicated as mean and SD of the liver
weight at the top (n = 6/group) and a representative picture of the
liver in each group is shown at the bottom. *p < 0.001.'d Represen-
tative histology of liver sections

with those from naive mice or pCMV-injected mice. The
levels of IFNy production were highest in NK cells among
those cells. Even at a later time point, 7 days after plasmid
injection, NK - cells were found to produce the highest
levels of IFNy (data not shown).

TL-12-induced STAT4 signaling and IFNy production
increased in NK cells

IL-12 activates Janus kinases Tyk2 and Jak2, STAT4 as
well as other STATs. To examine the activation of STAT1
and STAT4, we isolated splenocytes from wild-type mice
and GKO mice and stimulated them with IL-12 and/or
IENy in the presence or absence of anti-IFNy Ab (Fig. 3a).
IL-12 led to phosphorylation of both STAT1 and STAT4 in
wild-type splenocytes. In contrast, the same treatment led
to phosphorylation of STAT4; but not of STATI, in GKO
splenocytes. Addition of IFNy restored STAT1 phosphor-
ylation in GKO splenocytes. Furthermore, adding anti-
IFNy inhibited STAT1 phosphorylation in wild-type cells.
These  findings demonstrated - that . phosphorylation . of
STAT4 is a direct effect of IL-12 but phosphorylation of
STAT1 is indirect, via an autocrine or patacrine IFNy-
dependent manner.

To examine STAT1 and STAT4 activation and IFNy
production in NK cells and non-NK cells, we prepared
whole mononuclear cells as well as NK-and: non-NK
populations from wild-type spleens and stimulated the cells
with IL-12 (Fig. 3b). NK cells expressed higher levels of
STAT4 than non-NK cells. Upon IL-12 treatment, STAT4
was, rapidly phosphorylated. in. NK cells, but to a lesser
extent in non-NK cells. In contrast, NK cells expressed
lesser levels of STATT1: than non-NK: cells. STAT1 was
similarly phosphorylated in NK cells' and non-NK cells
upon IL-12 treatment. Both NK cells and non-NK cells
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produced significant levels of IFNy, but the levels were
much higher in: NK' cells than' non-NK cells (Fig. 3¢).
These results indicated that compared with non-NK cells,
NK cells possessed higher levels of STAT4; a direct sig-
naling molecule of II.-12, and produced higher levels of
IFNy than non-NK cells:

NK cells were sufficient for IL-12-mediated anti-tumor
effects

The above observation indicated that NK cells are a pre-
dominant producer of IFNy, which was critical for. the
IL-12-induced anti-tumor effects. To examine whether NK
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naive pIL-12 pCMV

NK cells

NKT cells

T cells

Fig. 2 IFNy expression of mononuclear cells after I1.-12 adminis-

tration. Wild-type mice were injected with pCMV-IL-12 or pCMV, or
were untreated (naive). Mononuclear cells’ were- isolated from the
liver 2 days after plasmid injection and stained with anti-TCRS mAb,
anti-DX5 mAb and anti-IFNy mAb. Closed histograms show the [FNy
expression in the gated populations (TCRB/DX5 cells for NK cells,
TCRBY/DX5* cells for NKT cells and TCRE/DXS5™ cells for T
cells). Isotype control stainings are shown by open. histograms.
Numbers in histograms represent averages & SD of percentages of
positive cells (#'= 3. mice/group). *p.< 0.0001 vs. mock. in. NK
populations. **p < 0.05 vs. mock in each population

cells are sufficient for the anti-metastatic effects of 1L:-12,
we examined the anti-metastatic effect in'Rag2 KO mice
which lack T cells, B cells and NKT celis. pPCMV-IL-12
injection enhanced the Yacl lytic ability of hepatic
meononuclear cells in Rag2 KO mice higher than in wild-
type mice (Fig. 4a). To examine whether NK cells are
sufficient for JL-12-mediated rejection of hepatic metas-
tasis, we injected pCMV-IL-12 or pCMV into mice that
had been intra-splenically injected with CT-26 cells 2 days
earlier. Serum IFNy levels of Rag2 KO mice were about
4 times higher than those: of wild-type mice (Fig. 4b).
pCMV-IL-12 completely suppressed hepatic metastasis in
Rag2 KO mice (Fig. 4c).

Adoptive transfer of wild-type NK cells into GKO mice
restored the anti-tumor effects of TL-12

Since NK cells were sufficient for producing IL-12-induced
anti-tamor effects, we postulated that their production of
IFNy may play an important role in these effects. To test
this, we performed adoptive transfer experiments with
GKO mice. First, whole mononuclear cells isolated from
the ‘spleens of  wild-type mice (2.0: X 10% cells) were
adoptively transferred to GKO mice 1 day before plasmid
injection. pCMV-IL-12 injection increased Yacl lytic
activity of hepatic mononuclear cells in the adoptively
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Fig. 3 STAT signaling and IFNy production of mononuclear cells
in vitro: treated. with: [L.-12. a STAT1 and STAT4 activation of
splenccytes in vitro treated. with IL-12. Splenocytes. were isolated
from  wild-type mice or GKO mice and treated” with or without
recombinant ‘[L-12° (20 ng/mL) in the presence  or absence of
recombinant IFNy (500 ng/mL} or anti- IFNy: antibody (20 pg/mL)
for.24 h. Cellular lysates were analyzed by Western blot for the
expression of phospho-STAT1, phospho-STAT4 and f-actin. b and ¢
STATs expression and signaling of NK cells and non-NK cells:
Splenocytes were isolated from wild-type mice. Whole splenocytes
were further purified into X5 cells and DX57 cells. Eachicell
population was cultured with recombinant IL-12 (20 ng/mL) for the
indicated times. b The cells were lysed to examine expression of
whole STAT and phospho-STAT by Western blot. ¢ The levels of
IFNY in the' culture supernatant at 24 h were determined by ELISA.
Data are expressed as mean and SD (n = 3)

transferred group, but not in the untreated group. (Fig. 5a).
pCMV-IL:12 induced significant. inctease in serum IFNy
levels 4 days after plasmid injection in. the adoptive
transferred group, but not in the other groups (Fig. 5b). The
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Fig. 4 Anti-tumor effects of IL-12 in Rag2 KO mice. Serum IFNy
levels and NK-cell activation. Wild-type or Rag2 KO mice were
hydrodynamically injected with either pCMV-IL-12 or pCMV and
killed at 4 days. a Yacl lytic ability of hepatic mononuclear cells was
determined by Cr releasing assay as the indicated effector and target
ratios (B/T ratio). Experiments were done 2 times and representative
data are shown. b The levels of serum [FNy were determined by

anti-metastatic effect of IL-12 was restored in GKO mice
when whole mononuclear cells from wild-type mice were
adoptively transferred (Fig. 5¢).

To evaluate the contribution of IFNy production from
each subset of mononuclear cells to the anti-metastatic
effect of IL-12, we adoptively transferred the same number
of whole mononuclear cells, NK cells or non-NK: cells
from wild-type mice (4.0 'x 10° cells) 1 day ' before
pCMV-IL-12 injection and analyzed liver tumor formation.
Only in the NK-cell-transferred group, pCMV-IL-12
injection induced NK cytolytic ability in the liver and IFNy
elevation in serum 4 days after plasmid injection, but not in
the other groups (Fig. 5d, e). No liver tumor formed in the
NK:cell-transferred- group. ' In - contrast,. livers in- other
groups had massive tumors, and the liver weights were
significantly heavier than those in the NK-cell-transferred
group (Fig. 5f). These results clearly demonstrated
the strong impact of IFNy produced from NK cells on
1L-12-induced anti-tumot effects compared with that from
non-NK cells.
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ELISA. "Data” are “expressed as ' mean and- SD (# = 7/group).
*p < 0.0001. ¢ Anti-metastatic effect. Rag2 KO mice were intrasple-
nically injected with CT-26 cells and, 2 days later, hydrodynamically
injected with either pCMV-IL-12 or pCMV. Fourteen days after
plasmid injection; mice were killed to examine tumor development in
the liver: The numbers of hepatic tumors in each group are expressed
as mean-and SD (n = 7/group). ND not detectable

Anti-tumor effects of IL-12 deteriorated slightly
in mice depleted of NK cells

To: examine the involvement of NK cells in the tumor
deletion by IL-12 therapy, we induced depletion of NK
cells by repeatedly injecting anti-asialoGM1 antibody. The
cytolytic ‘ability of NK: cells was completely abolished in
the. ' anti-asialoGM1 antibody-injected = group: : (Fig. 6a).
Serum IFNy induction by IL-12 in the NK depletion group
wasabout half ‘of that in.the: control immunoglobulin
injected  group (Fig. 6b).. Unexpectedly, pCMV-IL-12
injection inhibited macroscopic liver metastasis of CT-26
cells: in NK cell-depleted: mice  (Fig. 6¢).. However,. a
number of microscopic tumor regions were observed after
I1.-12 therapy in NK cell-depleted mice but not in control
IgG-injected mice (Fig. 6d). This finding indicated that NK
cells are required for a full-blown: IL-12 anti-tumor effect,
but IL-12’s anti-tumor effect was: still observed even if the
NK cells:were knocked down. To examine the underlying
mechanisms of anti-tumor effect in NK cell-depleted mice,
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Fig. 5 Adoptive transfer of wild-type cells into: GKO mice. Adoptive
transfer of wild-type splenocytes restored anti-tumor effects of IL-12 in
GKO mice. a GKO mice were intravenously injected with: or without
2.0 x 10® splenocytes from wild-type mice and, 1 day later, hydrody-
namically injected with either pPCMV-IL-12 or pCMV. Mice were killed
4 days after plasmid injection. Yacl Iytic ability of hepatic mononuciear
cells was expressed as the indicated effector and target ratios (B/T ratio).
Experiments were done 3 times and representative data are shown. b and
¢ GKO mice were intrasplenically injected with CT-26 cells and, 1 day
later, intravenously injected with or without 2.0 % 10% splenocytes from
wild-type' mice. Two days after CT-26 injection, mice were hydrody-
namically injected with either pCMV-IL-12 or pCMV. b The levels of
serum IFNy 4 days after plasmid injection are expressed as mean and SD
(n. = 6/group). ¢ Fourteen days after plasmid injection, mice were killed
to examine liver tumor development by ‘measuting liver weight. The
results are indicated as mean and SD (n = 6/group). ND not detectable.
*p < 0.01. Adoptive transfer of wild-type NK cells, but not non-NK cells,
restored  anti-tumor - effects - of ' IL~12 'in GKO mice. d: Wild-type
splenocytes were purified into DX57 cells and DX5™ cells. GKO mice
were intravenously injected with 4.0- % 10® whole mononuclear cells or
DX5% cells or DX57 cells and, 1 day later, hydrodynamically injected
with either pCMV-IL-12 ‘or pCMV. Mice were killed 4 days after
hydrodynamic injection. Yacl lytic ability of hepatic mononuclear cells
is- expressed as the indicated effector and target ratios (B/T ratio).
Experiments were done 3 times and representative data are shown; ¢ and
£ GKO mice were intrasplenically injected with CT-26 cells and, 1 day
later, intravenously injected with whole mononuclear cells, DX5 cellsor
DX5 cells (4.0 x- 10%mouse). Two days after CT-26 injéction, mice
were hydrodynamically injected with: either pCMV-IL-12 or pCMV.
e The levels of serum IFNy are expressed as mean and SD (n = 6/group).
f Fourteen days after plasmid injection, mice were killed toéxamine liver
tumor development by measuring liver weight. The results are expressed
as mean and SD'(# = 6/group). ND not detectable. *p < 0.001

serum levels of IP-10 and MIG, chemokines downstream
of IFNy, were measured after I.-12 therapy (Fig. 6e).
pCMV-IL-12-injected mice showed: significant increase in
both levels compared with pCMV-injected mice. Signifi-
cant increase after pCMV-IL-12 injection was also found
in NK cell-depleted mice, but not in GKO mice. This result
suggests that production of these chemokines was not
completely suppressed in NK cell-depleted mice in our
experimental condition. Immunohistochemical analysis
revealed that tumoral accumulation of CD4-positive cells
and CD8-positive cells was observed in pCMV-IL-12-
injected mice but not in pCMV-injected mice. On the other
hand, similar levels of CD31 expression were observed in
tumors of pCMV-injected mice and pCMV-IL-12-injected
mice (Fig. 6d). These results suggest that IL-12’s anti-
tumor effects might be mediated by T-cell accumulating in
the tumor rather than anti-angiogenesis.

Discussion

TL-12 is recognized as a master regulator of adaptive type
1, cell-mediated immunity. One major action of IL-12 is its
induction of other cytokines, particularly IFNy. A large
amount of evidence has'indicated that I1.-12 administration
leads to IFNy production from a variety of immune cells,
such as T cells [16], B cells [17], NK cells [18] and NKT
cells [22]. The relative impact of each: immune cell as the
source of IFNy has been controversial. The present study
highlighted NK cells as a most efficient producer of IFNy
that is critical for IL.-12-induced anti-tumor effects.

Flow cytometric analysis revealed higher in vivo pro-
duction of IFNy of NK cells than that of other cell types.
The levels of serum IFN7y were around fourfold higher in
Rag2 KO mice which only possess NK cells than in wild-
type mice. On the other hand; NK-cell depletion in wild-
type mice led to twofold rediction of serum IENy levels.
These data indicate substantial contribution of NK cells in
IFNy production  in vivo. Previous research has demon-
strated that the specific cellular effects of IL-12 are due
mainly to activation of STAT4 {23, 24]. IL-12:induced
STAT4 phosphorylation leads to the production of IFNy
[25]. In agreement with these reports, our in vitro analysis
showed that, in contrast to STAT1, STAT4 was directly
phosphorylated upon IL-12 stimulation, being independent
of TFNy. Of interest is the finding that NK cells express
higher levels of STAT4 than non-NK cells, suggesting that
NKcells possess-an ideal expression profile of STATSs for
producing IFNy upon: IL-12 stimulation. Indeed, in vitro
analysis. revealed . that- NK: cells, upon IL-12 exposure,
displayed:higher levels of IFNy production as well as
STAT4 phosphorylation than non-NK cells. These in vitro
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Fig. 6 Anti-tumor effects of IL.-12 in NK-cell-depleted mice. Serum
IFNy levels'and NK-cell activation. Wild-type mice were intraper-
itoneally injected with either anti-asialoGM1 antibody (ASGM1) or
control 1gG, and, 1 day later hydrodynamically injected with either
PCMV-IL-12 or pCMV. Mice were killed 4 days after plasmid
injection. ‘@ Yacl lytic ability of hepatic mononuclear cells - is
expressed as the indicated- effector and target ratios (E/T. ratio).
Experiments were done 2 times and representative data are shown.
b The levels of serum IFNy are expressed as mean and SD. (n = 6/
group). ND niot detectable. *p < 0.005. Anti-metastatic effects. Wild-
type mice were intrasplenically injected with CT-26 cells and, 1°day
later and then every 5 days, intraperitoneally injected with either anti-
asialoGM1 antibody (ASGM1) or control IgG, and hydrodynamically
injected  with either pCMV-IL-12 or . pCMV 2 days after CT-26

data are consistent with the in vivo observation that NK
cells are efficient producers of IFNy during IL-12 therapy.

Many studies have demonstrated that IFNy production is
required for the anti-tumor effects of 1L.-12 [14,26,27).In
fact, we have demonstrated that deletion of IFNy abolished
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injection. Fourteen days after plasmid injection, mice were killed to
examine liver tumor development by measuring liver weight. ¢ The
results are ‘indicated as mean and SD (n = 6/group).. *p < 0.001.
d Representative histology of liver sections analyzed by hematoxylin-
eosin staining and’ immunohistochemistry of €D4, CD8 and CD31.
e Serum_ levels of IP-10 and MIG. Wild-type or GKO mice were
hydrodynamically injected with either pCMV-IL-12 or pCMV. Wild-
type mice were intraperitoneally injected with either anti-asialoGM1
antibody (ASGM1) or control IgG, and 1 day later hydrodynamically
injected with either pCMV-IL-12 or pCMV.:Four days later; each
mice were: bled to measure the levels of serum IP-10 and: MIG.
Results are. expressed as: mean: and SD. (n = 6/group).. ND. not
detectable. *p <.0.001

NK cytotoxicity and the anti-metastatic. effect of IL-12
therapy in the liver. A large amount of ‘evidence supports
the concept that a major- action of IL-12 is to promote the
differentiation of naive: CD4 + T cells. into Thl cells,
which produce IFNy. Previous research reported that CD4
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T-cell depletion caused inhibition of anti-tumor effects.
More recent studies have supported a critical role of IFNy
as a third signal for CD8 T-cell differentiation. There have
been many reports focusing on IFNy production from T
cells induced by IL-12 for the anti-tumor effect of IL-12
[28]. Segal et al. performed an elegant study showing a
critical role of T-cell production of IFNy in the anti-tumor
effect by adoptively transferring T cells into GKO mice in
a subcutaneous tumor model [29]. However, apart from this
study, little is. known about the contribution of each
immune. cell: as a producer of IFNy in terms of an anti-
tumor effect. In our model, T-cell’ mediated adaptive
responses were not required for the anti-metastatic effect of
IL-12. More importantly, the anti-metastatic effects of
IL-12 were restored in GKO mice by an adoptive transfer
of wild-type NK cells. The same number of non-NK cells
could not provoke II.-12-induced anti-tumor effects in
GKO mice. The present study demonstrated for the first
time a potent effect of NK cells on producing IFNy that
was critical for anti-metastatic'effect during IL-12 therapy.

Our study showed that the main IFNy producer of IL-12
was NK cells. So we focused on NK cells which were
activated - by - IL-12. in -an. IFNy-dependent. manner to
examine the cellular mechanism of protection ‘against
hepatic metastasis. Many studies have shown' the impor-
tance of each subset (NK- [12], NKT- [10] and T [9; 30]
cells) for anti-tamor effects of IL-12. In the present study,
NK cells were sufficient while T cells; B cells; NKT cells
were dispensable for IL-12-mediated NK-cell ‘activation
and. anti-metastatic effects as TL-12 therapy showed Yacl
lytic ‘ability and antimetastatic effects in Rag2 KO mice.
On the other hand, NK-cell depletion by a repeated injec-
tion of anti-aialoGM1 antibody protected wild-type mice
from: macroscopic  liver metastasis, but did not from
microscopic liver metastasis. Thus, although NK cells were
required for a full-blown IL-12 anti-tumor effect, other
anti-tumor pathways are activated by IL-12 in the absence
of NK cells. Serum levels of IP-10 and MIG suggest that
production of these chemokines downstream of IFNy was
not ‘suppressed in NK-cell-depleted ‘mice in our experi-
mental condition, When compared with the experiment on
GKO mice; accumulation of CD4-positive cells and CD8-
positive cells were more evident in NK-cell-depleted mice
than in GKO mice (Supplementary Figure). On the other
hand, there was no remarkable difference in the expression
of .CD31: between pCMYV injection and pCMV-IL-12
injection. These results suggested that in NK-cell-depleted
mice TL-12 may exert anti-tumor effect via T-cell accu-
mulation rather than anti-angiogenesis.

Since the liver contains an abundance of immune cells
(especially NK: cells) [31], the cytokine-mediated activa-
tion of these cells may be a promising approach toward
anti-tumor therapy in this organ [32]. IL-12 is a cytokine

known to elicit a potent anti-tumor effect in mouse
experimental models. However, clinical trials attempted to
date were interrupted by fatal adverse effects. Systemic
1L-12 therapy has been associated with dose-limiting tox-
icity [33]. IL-12 induces activation of the pro-inflammatory
pathway which causes the complications of high dose
cytokine, independent of the action of IFNy [34]. On the
other hand, the levels of immunosuppressive cytokine, for
example, TGF-fil or IL-10 were significantly higher in
patients with hepatocellular cancer and colon cancer [35—
38}. In particular, TGF-f1 in serum can limit NK-cell IFNy
production [39]. Thus, in patients with advanced disease,
IL-12 may not be able to exert its potent anti-tumor
immune-effects because IFNy, which is an important
mediator: of the IL-12-induced immune response, is less
effective in a tumor environment. In the present study, we
demonstrated that NK-cell: IFNy production induced by
IL-12 was sufficient for the anti-metastatic effect of IL-12
in the liver. Thus, a strategy of efficiently producing IFNy
from NK cells: may be important for avoiding toxicity of
IL-12 therapy.

IL-12 gene therapy has an advantage to allow local
production of the cytokine at the tumor. sites with low
serum: concentration: Studies. demonstrated: that- intratu-
moral administration” of ‘adenovirus encoding IL-12 to
animals with different types of carcinoma caused complete
tumor  eradication and increased long-term: survival [40,
41].- Moreover, injection of IL-12-encoding adenovirus in
one nodule of liver tumor resulted in regression of distant
nodules in the liver [41]. However, in a clinical trial anti-
tumor activity. of IL-12-encoding adenovirus was. only
observed: in: the ‘injected. tumor sites; but not.in distant
tumors [42]. The present study shed light on hydrodynamic
transfection. of  hepatocytes. as a promising strategy to
eradicate disseminated fumors from whole liver.

In summary; NK cells are not just an effector for innate
immunity but a mediator producing IFNy that is critical for
the IL-12 anti-tumor effects. Extremely higher expression
of STAT4 may be a basis for efficient production of IFNy
from NK cells.
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